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The bone formation feasibility by a novel magnesium alloy device was evaluated using a canine vertical mandibular distraction osteogenesis
(DO) model. Osteotomies were performed in the area where last 3 star's teeth of left mandibular were pulled out before 3 months. Both AZ31
magnesium alloy (n¼6) and 316L stainless steel (n¼6) distraction devices were implanted. The distraction osteogenesis was carried out with a
latency of 5 days after mandibular osteotomy. Distraction proceeded at a rate of 0.3 mm/8 h for 7 days and followed by 4 weeks of
consolidations. The evaluations were conducted by scanning electron microscopy (SEM) and histological examinations. There were osteoblasts
and trabecular bones formations manifestly in both groups. There was no signiﬁcant difference in the bone mineral density between the two
groups. The surface of the magnesium alloy was much more cracked and uneven, resulting from the surface pitting corrosion. The crew nails
were closely combined with the surrounding bone tissue. AZ31 magnesium alloy exhibited a certain degradation rate in mandibular and did not
post a negative effect on the kidney and liver. The observations in magnesium alloys group is consistent with the stainless steel group.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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Long before, many scholars made a lot of researches in the ﬁeld
of magnesium alloy. Earlier studies have shown that magnesium-
based materials were non-toxic and promoted the bone healing.
With deep research and development of magnesium alloy, the
corrosion resistance and mechanical properties of magnesium
alloys have been gradually improved. Researchers began to make
further studies on magnesium and its alloys as implant materials
[1,2]. In 2014, Lensing et al. [3] tested a bio-absorbable
magnesium alloy serving as total ossicular replacement prostheses.
The results showed that the magnesium alloy was corroded too/10.1016/j.pnsc.2014.09.006
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hua.edu.cn (F. Cui).fast, so that a complete bone reconstruction could not be
established in time. So magnesium coating of biological materials
is more favorable to the integration of biomaterials and bone tissue.
At present, biodegradable magnesium alloys, a new class of
degradable biomaterials, are promising candidates for medical
applications and therefore have attracted much attention in recent
years [4]. Magnesium based materials is a hot point in the ﬁeld of
metallic biomaterials. Studies of magnesium based biomaterials
are focused on increasing both corrosion resistance and biocom-
patibility of the materials. The low corrosion resistance of
magnesium, a major limitation for its use in musculoskeletal
surgeries, has been much improved by appropriate alloying design
as well as surface treatments. However, there is still a large
distance to practical application, which needs further research and
exploration. On the one hand, we need to adjust the alloy
composition to improve the corrosion resistance of magnesium
alloys, to remove harmful impurities such as iron, copper andElsevier B.V. All rights reserved.
Fig. 1. Drawing of distractors.
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proper heat treatment to reﬁne the grain size in the perspective of
magnesium alloys. We can use rapid solidiﬁcation to obtain ﬁner
grain size, even to produce nano-sized grain magnesium alloy, and
thus the mechanical properties and corrosion resistance are greatly
increased. The technique of rapid solidiﬁcation can also get unique
amorphous magnesium alloy with better mechanical properties
and corrosion resistance [5]. On the other hand, we can improve
the corrosion resistance with surface treatment on magnesium
alloys, such as ion implantation, laser surface treatment, thermal
diffusion, alkali heat treatment, surface coating, etc [6]. The
surface roughness and rejection degree of magnesium alloys have
a great inﬂuence on formation of fresh bone tissues when
magnesium alloys are implanted into the body. Therefore, the
preparation of new type of magnesium based materials can be
more easily accepted.
In this paper, both biodegradable AZ31 magnesium alloy
and stainless steel were used to make the distractors for the
experimental study on a canine model. The similarities of both
mandibular anatomy and masticatory mechanics between a dog
and human would make this species particularly suitable for
investigation.
2. Experimental
2.1. Materials
A total of 12 hybrid dogs were used for both the magnesium
alloy group (experimental) and the stainless steel group
(control), designated by Experimental group: #1–6, and Con-
trol group: #7–12. All the dogs were about 8–12 months old
and 6–10 kg in weight. Adequate measures were taken to
minimize the pain or discomfort to the experimental animals,
and the experiments were conducted in accordance with the
International Standards on Animal Welfare and the Ethical
Standards of the Committee on Animal Experimentation of our
institution. All the hybrid dogs were provided by the Animal
Center of Liaoning Medical College, Jinzhou, China.
AZ31 magnesium alloy with nominal composition of
Mg–3Al–1Zn in wt% and 316L stainless steel for the present
study were provided by Institute of Metal Research, Chinese
Academy of Sciences. The processed tractors are shown in
Fig. 1.
2.2. Experimental procedures
Animals were anesthetized with hydrochloric acid Sarah
polybenzoxazines injection (0.1 ml/kg). The infection prophylaxis
was provided with 4 wu/kg penicillin preoperatively and 3 days
postoperatively. Three left mandibular molars were pulled out
from the animals, and then the site was disinfected and sutured.
Animals were fed in the Animal Center of Liaoning Medical
College and observed for eating and drinking.
After three months, animals were generally anesthetized with
hydrochloric acid Sarah polybenzoxazines injection (0.1 ml/kg).
Infection prophylaxis was provided with 4 wu/kg penicillin
preoperatively and 3 days postoperatively. A 3-cm long incisionwas performed along the inferior border of the left mandible. The
skin and subcutaneous tissue were dissected to disclose the medial
masseter sling, which was sectioned using the scalpels. Using a
blunt spatula, both muscles were then detached to expose both the
internal and external aspects of the mandibular body. Firstly, an
osteotomy line was vertically made in the position of lacking teeth
on the left mandibular body. Using a cylindrical bur, four holes of
2.5 mm in diameter were drilled through cortical layers of the
mandible. An up bone segment of 3 cm 1 cm was made in the
marked site. The mandible was made with osteotomy by a ﬁssured
bur with copious sterile saline irrigation. Then, the self-designed
AZ31 magnesium alloy and 316L stainless steel distractors
(0.3 mm of traction every 1 clockwise lap) were adapted by four
mini-screws (2.5 mm in diameter 10 mm in length) which were
placed across both cortices. The distraction device was placed to
test proper positioning and ensure it to be exerted without tension
on the fracture ends. Secondly, the vertical heights of the ﬁxed
plate of distractors in the position of traction rods were measured
by a Vernier Gauge. The surgical site was washed by normal
saline containing penicillin. At last, the wound was closed in
layers. Animals were fed in a single cage and observed for eating
and drinking. Five days post surgery, the distraction was
performed by a speed of 0.3 mm/8 h for 1 week. Fig. 2 shows
part of the operation process.
After 4 weeks of consolidation, the dogs were sacriﬁced under
general anesthesia. The stability of the screw nails were measured
by a Periotest Mobility instrument. The vertical heights of the
ﬁxed plate of distractors of two groups were measured again at the
same position in surgery by Vernier Gauge. Magnesium alloy
distractors were washed with PBS, dehydrated with gradient
ethanol solvent, and dried for 6 h. Then the weights of magnesium
alloy distractors were measured on an electronic scale.
Mandibular bone pieces including prowled cracks in two groups
were prepared, labeled and placed in 10% formalin solution for
histological and morphological examinations. Bone pieces were
divided into two parts. The specimens of bone were processed for
demineralization in an EDTA (15%) at room temperature for 40
days, and then dehydrated in an ethanol series (70–90%) in an
automated processor. The specimens were cleaned with xylenol,
impregnated with melted parafﬁn wax, embedded in parafﬁn wax
and sectioned by a microtome to sections of 5-μm in thickness.
Sections of liver and kidney were stained by Hematoxylin-Eosin
Fig. 2. Surgical operation.
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and immunohistochemical agents. Immunohistochemical assays
were performed as previously described [7]. For immune-staining,
the polyclonal rabbit anti-mouse antibodies, BMP-2 (Boster
Company, China), were tested. Sections were incubated with these
primary antibodies in 1% normal horse serum using a 1:40 dilution
overnight in a humidiﬁed chamber. Tissue sections were subse-
quently incubated for 1 h with a secondary antibody (biotinylated
goat anti-rabbit immunoglobulin antibody, Beijing Xin Xing Tang
Biotechnology Co. Ltd.) in a 1:400 dilution (Boster Company,
China).
Organization block containing magnesium alloy screw nails
were pressed into a size of 12 mm (length) 12 mm (width)
4 mm (height), ﬁxed by 10% formaldehyde solution. The
organization was dehydrated in an ethanol series (70–90%) in
an automated processor, immersed with chloroform and
embedded with poly-methyl methacrylate. The embedding
blocks were cut, and glued on the glass slide after grinding
and ﬂushing. The embedding blocks were ﬁxed in a hard tissue
slicing machine, manually ground into slices of 30–50 mm in
thickness. The slices were stained by methylene blue-fuchsin.
The mandible specimens were tested by PRODIGY dual energy
X-ray absorptionetry tester (Noland, United States), and BMD
(benchmark dose) values were obtained. The mandibles without
operations were the control group and analyzed by SPSS
statistical software (version 13.0; SPSS, Chicago, IL).
The stained sections were photographed on a microscope
(Olympus BX 40) with a C4040 (Olympus) camera. The
specimens of the magnesium alloy from the surface of the
buccal were dried in vacuum for 24 h, sputtered with gold, and
then observed on a scanning election microscopy (SEM, JSM-
6610A).Table 1
Weights of the ﬁxed plate of distractors before and after traction (mean7std.
deviation), mg.
Groups Before traction After traction D-value
Experimental group 2.3070.04 2.0570.03 0.2470.03
Control group 3.1270.02 3.1170.02 0.0070.012.3. Data analysis
The data were analyzed with SPSS statistical software
(version 13.0; SPSS, Chicago, IL), and the analysis of the
Student's t test was performed after the tests of normality and
homogeneity of variance with a difference level of po0.01.
The data of the two groups were expressed by mean7
standard deviation.3. Results
All the animals survived during the entire experimental
procedure. The distractors were activated successfully and
worked well. The average of PTVs was 3.45 in the
experimental groups and 3.42 in the control groups. There
was no signiﬁcant difference. This suggests that there should
be no loosening in the experimental groups. The weight of
AZ31 magnesium alloy distractor was measured by electronic
scale (Sartorius, BSA2201-CW). Weights of the ﬁxed plate of
distractors before and after the traction in the experimental and
the control groups were 0.2470.03 and 0.0070.01 mg,
respectively, and there was a signiﬁcant difference, compared
to pre-traction (po0.01), as shown in Table 1. The vertical
height of the ﬁxed plate of distractors was increased to an
average value of 6.370.3 mm in the experimental animal and
6.370.2 mm in the control group. There was no signiﬁcant
difference between the experimental and the control groups
(p40.01), as shown in Table 2. After 4 weeks of ﬁxation, the
bone mineral densities of the experimental and the control
groups were 15.2974.94% and 15.3077.76% amounting to
normal bone mineral density, respectively. There was no
signiﬁcant difference in the bone mineral density values
between the two groups (p40.05).
The specimens of bone were harvested and processed for
histological evaluation. The HE staining showed that active
osteoblasts, rough trabecular bone and a small amount of
mature bone tissues appeared in both groups. However, there
were more trabecular bones in the experimental group than in
the control group (Fig. 3A and B). For these two groups,
histological analyses by Masson staining showed that the
edges of both joint bones and trabecular bones were brick
red. However, the brick red color in the experimental group
was richer than that in the control group (Fig. 3C and D),
demonstrating the formation bone tissue in the experimental
group was more than the control group. To investigate whether
BMP-2 had a synergistic effect in bone remodeling, staining
for BMP-2 was performed. The results showed that intense
staining for BMP-2 was evident for osteoblasts, ﬁbroblasts and
osteocytes in the two groups. However, BMP-2 expression of
the experimental group was more apparent. The integrated
optical density (IOD) was 4907572189 in the control group
and 4540471557 in the experimental group. There was a
signiﬁcant difference between two groups (po0.05).
There was new bone formation in the metal–bone islands in
the magnesium groups. The crew nails were closely combined
with the surrounding bone tissue. There was no inﬂammatory
tissue around the screw nails. There were many uneven small
C. Wang et al. / Progress in Natural Science: Materials International 24 (2014) 446–451 449dents being seen on the surface of the threaded nail, as shown
in Fig. 4.
It was found that there were degradation products on the
surface of AZ31 magnesium alloy. The surface of the degradation
products was rough, rendered as well an irregular crack shape.
However, the main part of the magnesium alloy was still present
6 weeks after implantation, as shown in Fig. 5.
To investigate whether the magnesium ions from the magne-
sium alloy had any harmful effect on the animal, pathological
examination on the HE stained liver and kidney was performed.
The examination showed that there were no tissue edema,
ﬁbrosis, inﬂammatory cells inﬁltrating, abnormal changes of
hepatic lobule, and the structure of liver cells was normal
(Fig. 6A). There was no abnormal change of kidney organization,
and the structures of proximal tubular epithelial cells (PTEC)
were clear and had no degeneration, congestion or inﬂammatory
cells inﬁltration (Fig. 6B).Table 2
Vertical heights of the ﬁxed plate of distractors before and after traction
(mean7std. deviation), mm.
Groups Before traction After traction D-value
Experimental group 12.370.2 18.670.2 6.370.3
Control group 12.170.1 18.670.1 6.370.2
Fig. 3. (A) HE staining on the experimental groups, (B) HE staining on the control g
on the control group.4. Discussion
The use of DO in the oral and maxillofacial area has been
studied and reported to have changes in the newly formed bone
tissues, muscles, nerves and TMJ. Essential biological para-
meters in DO such as latency period, distraction rate, rhythm
and contention period, and so on, are largely based on the
empirical data from the orthopedic literatures [8–10].
Magnesium is a major component of the ribosome, translating
the genetic information into polypeptide structure by mRNA.
Mg2þ ions can effectively promote the differentiation of stromalroup, (C) Masson staining on the experimental group, and (D) Masson staining
Fig. 4. Histological observations of hard tissue slicing staining with methylene
blue-fuchsin.
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alkaline environment produced around the magnesium alloy
during its degradation can improve the ability of the cells
proliferation of the bone, which belongs to an active enzyme
that plays an important role in the biology of nucleic acids and
can be considered to be related with magnesium ions [12].
Magnesium ions and the environment around magnesium alloy
can cause an increase of the bone morphogenetic protein (BMP-
2), thereby locally cause the new bone formation. Excessive
concentration of magnesium ions and pH value can cause the
excess of BMP-2 secretion, activating osteoclasts, thereby cause-
ing osteolytic phenomenon. BMP-2 is one of the important index
to observe the new bone, which can cause local formation of new
bones [13,14]. The study of BMP-2 on promoting bone formation
showed that BMP-2 secreted exuberant, and the new bone
formation was fast. The trial of BMP-2 to shorten the period
has been successful [15]. The magnesium alloy could release
magnesium ions along with the biodegradation process. Thus the
magnesium ions can make the BMP-2 secretion increase, and
promote osteoblast growth [16,17]. However, excessive BMP-2
can activate the osteoclast and then lead to a dissolution of the
bone [18]. From this work on histological study, there were
trabecula and osteoblasts in the trabecular bone of the joint, and
the edge which was along the traction was extended to the central.
However, the BMP-2 expression of the magnesium alloy group
was higher than that of the stainless steel group. This declares that
magnesium alloy should have the potential to induce new boneFig. 6. Pathological slices of live
Fig. 5. SEM surface of the magnesium alloy 6 weeks after consolidation.formation, and be even better than the stainless steel. Immuno-
histochemical studies revealed that BMP-2 played a main role in
osteoblasts, ﬁbroblasts and bone cell cytoplasm, which indicated
that these BMP-2 receptors of cells were always active in the
whole process of traction.
Magnesium is one of the necessary macronutrient elements
for human life, but lots of diseases may happen if magnesium is
imbalanced [19,20]. Through the liver and kidney pathological
observations, there were no following situations:organized
edema, ﬁbrosis, inﬂammatory cells inﬁltration. This means that
magnesium ions released from the AZ31 magnesium alloy did
not damage the biological balance of the liver and kidney, and
might produce negative effects on the immune system and
urinary tract.
Furthermore, biodegradable magnesium alloys are more
suitable for load-bearing applications due to their excellent
mechanical properties. AZ31 magnesium alloy is a kind of better
strength/toughness combination material, which can reduce the
stress shielding effect and promote the healing process of bone
tissues [21]. The biodegradable magnesium alloy theoretically
inﬂuences the stability of the tractor possibly. This study revealed
that AZ31 magnesium alloy distractors were activated success-
fully and worked well, with no evidence of loosening or bending.
The vertical height of the mandibular in the magnesium alloy
group was increased at an average of 6.370.3 mm compared to
6.370.2 mm of the stainless steel group, without signiﬁcant
difference. This indicates that biodegradable magnesium alloys
have the potential to meet the mechanical force for osteogenesis
process and increase the height of the mandibular. It was found
that the BMP-2 expression of bone tissue in the magnesium alloy
group was more than that in the stainless steel group, indicating
that the magnesium alloy could induce the formation of new
bone. Because of its wide use in clinics, 316L stainless steel as
the control group could be used to evaluate the effect of
magnesium alloy on the distraction osteogenesis. Therefore this
study conﬁrmed that a positive effect of the magnesium alloy on
the distraction osteogenesis can be achieved or even better than
the stainless steel.
AZ31 magnesium alloy could delay the degradation rate due to
its proper alloying, and improve the biocompatibility, possessing
good mechanical properties and corrosion resistance. The SEMr (A) and kidney (B).
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much more cracking and uneven, representing a phenomena of the
surface pitting corrosion. The evaluation by Yang et al. [22]
revealed that the biodegradation rate of magnesium alloy was slow
in the muscle and bone cortex of rabbits, and there was only light
pitting corrosion. Song and Atrens [23] described the pitting
corrosion as a typical behavior for the corrosion of magnesium.
Due to the fact that besides the metallography, pitting corrosion
could also be found by other examination methods, e.g.,
l-computed tomography, and the theory of etching to cause the
pitting corrosion could be abandoned. This work provides some
experimental evidence for the study on whether the degradation of
magnesium alloy could affect the stability of the distractor in the
consolidation period.5. Conclusion
After the distraction with AZ31 magnesium alloy distractor,
the height of the mandibular was increased and an adequate
bone was created. AZ31 magnesium alloy showed a certain
degradation rate in the mandibular and posted no negative
effect on the kidney and liver. The results of DO in magnesium
alloys group are almost the same with the stainless steel group.Acknowledgments
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